Although dendritic cells are the most potent of all antigen presenting cells, they have paradoxically been regarded as having only a minimal capacity for endocytosis, which is a crucial step in antigen processing prior to presentation. Previous studies of dendritic cells, which are only available in small numbers, have been restricted to measurement of long-term endocytosis and so have stressed lysosomal accumulation. Measurement of traffic through late endosomes, which are closely related to the organelle in which antigen processing occurs, has, to date, required large numbers of cells and therefore has not been possible for dendritic cells. To resolve the paradox for dendritic cells, we have developed a flow cytometric assay of fluid-phase endocytosis that assesses late endosomal traffic by kinetic analysis of exocytosis in small numbers of cells. Using this assay, we show that fluid-phase endocytosis-in particular, traffic through late endosomesis as active in dendritic cells as in other antigen presenting cells.
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Antigen presentation of exogenous antigens in the context of class II major histocompatibility complex (MHC) molecules is preceded by antigen processing, in which the first step is endocytosis. Most antigen presenting cells (APCs) exposed to protein antigen require at least 45-60 min before they can present processed peptides on their surface (1) . This delay cannot be shortened by either increasing the concentration of antigen or increasing the efficiency of endocytosis (2), suggesting that to be processed the antigen must travel beyond early endosomes, which have a cycling time ofonly 3-10 min. It has recently been proposed that the site of antigen cleavage and MHC binding is an organelle related to late endosomes or lysosomes, rich in class II MHC (3) , which endocytosed antigen reaches within 30-60 min of uptake.
Dendritic cells, which are potent APCs that initiate a wide range of T-cell responses (4) , have paradoxically been reported to have relatively poor fluid-phase endocytic activity (5, 6) . Previous studies of endocytosis in dendritic cells have used long pulses ofantigen (6, 7) and therefore emphasized the accumulation of antigen in a terminal degradative organelle rather than traffic through late endosomes and the related processing organelle. Assays oftraffic through late endosomes use kinetic analysis of exocytosis to separate events in early and late endosomes and have been applied to macrophages and fibroblasts (8, 9) . These techniques require large numbers of adherent cells and therefore are not feasible for dendritic cells.
We have therefore developed a flow cytometric assay that measures endocytic traffic, by using small numbers of cells. We show that fluid-phase traffic through late endosomes is just as active in dendritic cells as in other APCs.
MATERIALS AND METHODS
Chemicals and Cells. Impurities were removed from nonfixable rhodamine dextran (70 kDa) (Sigma) by gel filtration [two passes through Sephadex G50 (Pharmacia)] followed by extensive dialysis and lyophilization.
Resting B lymphocytes, activated B cells (B lymphoblasts), and dendritic cells were obtained from spleens of CBA or DBA/2 mice (Imperial Cancer Research Fund, Clare Hall, U.K.) as described (10, 11 
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Perkin-Elmer) after uptake and subsequent detergent lysis and by comparison with known concentrations of LY. For A20 cells, the ratio of flow cytometer units per mg of LY per ml to the absolute volume (,Um3) of LY per cell was 3.5 (n = 4; SDn-1 = 0.4). Resting lymphocytes labeled and lysed in this way gave a ratio of 3.6.
Comparison of Different Fluorescent Fluid-Phase Endocytic Markers. A20 cells were incubated with a mixture of LY (10 mg/ml), nonfixable rhodamine dextran (70 kDa; 10 mg/ml),
[14C]sucrose (5 ACi/ml; 1 Ci = 37 GBq; Amersham), and
[3H]dextran (70 kDa; 1 pCi/ml; Amersham) for 0-60 min, followed by washing, lysis, and detection of released labels by fluorimetry and scintillation counting (LKB-1214; Pharmacia).
To perform an exocytosis experiment with [14C]sucrose, 6
x 107 A20 cells were pulsed with [14C]sucrose (10 ttCi/ml) for 6 or 60 min and washed extensively at 4°C; aliquots were reincubated at 37°C for 0-120 min and then lysed. 14C was measured in the supernatant and in the lysed cells. Confocal Microscopy. Cells were pulsed for 6 and 60 min with fixable rhodamine dextran (70 kDa; 10 mg/ml; Molecular Probes) and chased for 0 or 30 min. All further steps were at 4°C. Cells were washed in phosphate-buffered saline, adhered to poly-D-lysine-coated multiwell slides for 5 min, fixed with paraformaldehyde for 10 min, and mounted. Confocal microscopy was performed on an Axioskop (Zeiss) with submicrometer confocal optics (MRC Lasersharp 500; BioRad).
RESULTS
Flow Cytometric Assay for Endocytosis of LY. To validate the flow cytometric assay, we performed an initial analysis of endocytic function of A20 cells. After a 60-min pulse with LY, the cellular green fluorescence had increased over that of LY-negative cells, which were identified by prior staining with DiI, a lipophilic dye, which was detected on a second fluorescence axis (Fig. 1A) .
Uptake of LY was initially rapid, followed by a more gradual increase. Uptake of LY over 60 min was linearly proportional to the concentration of LY over the range 0.4-6.7 mg/ml (data not shown). Flow cytometer fluorescence units were converted to the volume of LY per cell in pm3.
Exocytosis of LY. Exocytosis was measured as the loss of cell-associated green fluorescence during a 2-hr chase at 37°C in LY-free medium. The background green fluorescence may have varied slightly during this incubation because ofchanges in autofluorescence and because of increasing amounts of exocytosed LY in the medium surrounding cells passing through the flow cytometer. Therefore, DiI-stained cells were included as internal controls for changes in background, allowing more accurate calculation ofabsolute LY uptake per cell. Cells pulsed for 0 min were used as a further control for LY taken up during the wash steps and to correct for imperfect color compensation of DiI with respect to LY. A20 cells pulsed for 2 min showed rapid, almost complete exocytosis (Fig. 1B) . Therefore, during a 2-min pulse, LY entered early endosomes and was then mostly rapidly recycled. After a 60-min pulse, the rapid phase had identical kinetics but was considerably larger and was then followed by a second phase of slower exocytosis from late endosomes (Fig. 1B) .
Two-Compartment Model of Endocytosis/Exocytosis. The data were fitted to a two-compartment model (8, 9) . The model assumes that there are two types of endocytic organelles-early and late endosomes. In addition, each type of endosome is assumed to have exponential kinetics of filling and emptying, which are uniform within a single cell, thus forming a single compartment. To demonstrate that the two compartments were independent of each other and that the two compartments were both active at the same time, A20 cells were pulsed sequentially with LY and another fluidphase marker, rhodamine dextran (70 kDa). For each marker, whether pulsed before or after a pulse of the other marker, there was the same rate of endocytosis and the same pattern of exocytosis-rapid early then slower late-independent of the kinetics of exocytosis shown by the other marker (data not shown).
The early endosomes ofcells pulsed for 60 min had emptied after a 30-min chase (Fig. 1B) ; hence, values from 30 to 120 min of chase represent LY in late endosomes alone. These values were fitted to an exponential decay curve and extrapolated to the start ofthe chase (Fig. 1B) . Early endosomal LY was calculated as the difference between total and late endosomal LY. This was fitted to a second exponential curve. For all pulse times, exocytosis from both of the two endocytic compartments had similar half-lives. In the experiment shown, the half-lives of exocytosis of LY were 4.2 and 85 min for early and late endosomes, respectively. Two-compartment analysis of exocytosis by A20 cells after endocytosis for 2-60 min is shown in Fig. 1C Immunology: Levine A20 cells were pulsed with a mixture of all four markers for 0-60 min. The apparent volume of rhodamine dextran taken up per cell was greater than sucrose ( Fig. 2) LY was endocytosed less than sucrose, as observed previously (13) . Therefore, LY did not significantly bind to the plasma membrane. Endocytosis of sucrose followed by exocytosis showed that excess uptake of sucrose compared to LY was directed into late endosomes (data not shown). The half-life of sucrose in late endosomes (320 min) was 3 times greater than that of LY. From Eq. 1, the maximum capacity of the late endosomal compartment for sucrose appeared to be 25 times the early endosomal size, =20% of total cell volume (see Discussion).
Application of the Assay to Dendritic Cells. The endocytic pathway of dendritic cells was studied as for A20 cells. The procedure used to purify dendritic cells from splenocytes required in vitro incubation for 24 hr and produced small numbers of dendritic cells, contaminated with B cells, which were excluded by positive staining for surface immunoglobulin.
After endocytosis for 60 min, a wide range of green fluorescence was detected (Fig. 3A) , cells of different brightness having the same diameter as judged by forward scatter. Therefore, dendritic cells were heterogeneous in their endocytic activity. Exocytosis was analyzed as for A20 cells, according to the two-compartment model. Those cells that had taken up more marker after a 60-min pulse retained excess LY throughout the chase period, indicating a larger late endosomal compartment (data not shown).
The two-compartment model was further confirmed by confocal microscopy (Fig. 3B) 60 min (top right), the marker became concentrated in one pole of the cell. Chase of both groups for 30 min (bottom row) left mainly punctate staining, with a perinuclear distribution, which was seen better after the longer pulse.
Comparison of Dendritic Cells to Other APC Types. Resting and activated B lymphocytes were also studied. The early endosomes of resting B cells and dendritic cells were much smaller in size and rate of traffic than in A20 cells and B lymphoblasts (Fig. 4 and Table 1 ). The comparatively low endocytic activity of resting B cells may be related to their small cytoplasmic volume.
The size of the late endosomal compartment was much less variable between cell types than the early endosomal compartment (Fig. 4) . The estimated traffic of LY through late endosomes was around 4 ,um3/hr in dendritic cells, A20 cells, and activated B cells; it was 50o ofthat level in resting B cells (Table 1) . Our results therefore demonstrate that the most important endocytic activity for antigen processing, traffic through late endosomes, is similar in dendritic cells to other APCs.
The half-lives of LY in the early and late endosomal compartments of all four cell types were 4-5 and 100 min, respectively ( Table 1 ). The percentage of early endosomal LY directed to late endosomes for resting B cells and dendritic cells was -20%, compared to 7% for A20 cells and activated B cells (Table 1) .
DISCUSSION
We have developed a flow cytometric assay of fluid-phase endocytosis that assesses the size of, and traffic through, the early and late endosomal compartments; it needs only a small number of cells and can be adjusted for contaminating cells. The assay has been applied to four types of APC: splenic dendritic cells, resting and activated B cells, and A20 (B lymphoma) cells. Our main finding is that dendritic cells maintain traffic through the late endosomal compartment, the site of antigen processing (3), at a level similar to that of other APCs (Table 1 ). The validity of the assay was supported by detailed analysis ofA20 cells (Fig. 1) . Exocytosis of LY could be accurately fitted to a two-phase exponential decay curve, and estimates of the early endosome's endocytic and exocytic half-lives were the same. In addition, two markers (LY and rhodamine dextran) endocytosed sequentially showed independent kinetics of release (data not shown), demonstrating that the early and late endocytic compartments function simultaneously and independently. Intracellular localization of a fixable marker occupying a single endosomal compartment (Fig. 3B) conformed to the expected distribution (13) .
We studied four endocytic markers and found that each was handled differently by A20 cells (Fig. 2) . Dextran (70 kDa) showed significant membrane adsorption.
[14C]Sucrose showed increased intracellular retention compared to LY, the projected maximum capacity of late endosomes for sucrose being 20%o of total A20 cell volume, which is similar to the late endosomal size determined for sucrose in macrophages and fibroblasts (8) . However, the total volume of late endosomes estimated using LY was :1% of cell volume, which is the same as baby hamster kidney cells labeled with horseradish peroxidase (13) . The discrepancy between the sucrose and LY estimates might be explained by selective retention of sucrose in late endosomes, which vacuolate in response to sucrose (14) . These differences in endocytosis may reflect differences between antigens in the efficiency of processing (1) .
The comparison of different markers therefore demonstrated that endocytosis of LY occurs in the fluid phase without appreciable membrane absorption and that LY uptake is a good quantitative estimate of endosomal volume accessed by marker. This is valuable in measuring traffic to late endosomes, because fluid-phase contents of early endosomes are delivered to late endosomes more than the bulk of membrane-bound molecules: 7-20% compared to 3% (Table  1; refs. [14] [15] [16] [17] . In addition, the fluid-phase assay assesses the major route of antigen uptake for dendritic cells, which express no antigen-specific surface immunoglobulin and have few Fc receptors (4, 18) .
All of the APCs we studied had readily distinguishable early and late endosomal compartments. The early endosomal compartment in activated B cells and A20 cells was much larger than in resting B lymphocytes and dendritic cells (Fig.  4) . This is consistent with evidence that early endosomes are readily induced by cell-activating signals (9, 19) .
The late endosomal compartment was similar in size and kinetics in all ofthe APCs studied (Fig. 4) . This contrasts with previous findings of poor endocytic activity in dendritic cells and resting B cells compared to macrophages (5, 6, 20) , probably because these studies used much longer antigen pulses (up to 18 hr). Therefore, these studies would have reflected low accumulation in lysosomes, which in dendritic cells have previously been shown to have both weaker (21) and fewer electron-dense lysosomes (22) than macrophages.
Macrophages, the endocytic pathway of which has previously been studied extensively (8, 9) , are the only APCs not suited to the flow cytometric assay, because they are too adherent. Our study of endocytosis of sucrose in A20 cells yielded similar results to macrophages pulsed with sucrose (8) , showing that the endocytic pathway ofA20 cells is similar to that of macrophages. Therefore, dendritic cells, B cells, and macrophages all have similar traffic through late endosomes, independent of the different lysosomal activity of these cell types.
Finally, we found a wide spectrum of activity in the late endosomes of splenic dendritic cells (Fig. 3A) . Such variation was not seen in other APCs-for example, A20 cells (Fig.  1A) . Dendritic cell heterogeneity, which is detected in their surface markers (23) , may be explained by differing fates prior to entering the spleen. Those dendritic cells that first enter nonlymphoid organs, such as the heart or skin, acquire antigen, and then migrate to lymph nodes or spleen (4, 24, 25) have been studied with Langerhans cells in culture (26) (27) (28) . They show down-regulation of many aspects of antigen processing, including class II MHC synthesis (7, 29) and endosomal acidification (22) , and may also have relatively inactive late endosomes. However, other splenic dendritic cells may reside long term in the spleen, this being the subpopulation with the same phenotype as freshly obtained Langerhans cells (6, 18, 30) . These cells may have relatively active late endosomes, which would be required to acquire and process antigens in the spleen, although such processing remains controversial (4, 28) .
In summary, we have demonstrated that dendritic cells in culture for 24 
